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Introduction
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scribes the electroweak interactions but leaves unexplained the difference between these two scales. While electroweak interactions are probed at distances of the order of M y1 , the gravitational force is ew studied only down to distances of the order of a w x centimeter 4 , thirty three orders of magnitude above its characteristic distance M y1 . interaction is also referred to as Low Scale Gravity
The
' s between 130 GeV and 172 GeV are also considered for the gg andfinal states. Some of these w x channels are also investigated in Refs. 14,15 .
Real graviton production
Real gravitons can be produced at LEP via the process e q e y ™ g G and emitted in the extra dimensions carrying away energy. This process manifests itself through an enhancement of the single photon cross section and a modification of the expected energy and polar angle distributions of the detected w x photons 16,17 . The differential cross section of this process, as a function of the fraction x of the beam g energy taken by the photon and its polar emission w x angle u relative to the beam, is given by 16 :
Severe limits on the d s 2 scenario are derived from SN1987A w x 6 , nonetheless a direct and complementary collider limit is desirable. 
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Single photon events are selected at 183 GeV for y1 w x an integrated luminosity of 55.3 pb 18 . They are characterised by missing energy and at least one detected photon of energy greater than 4 GeV and polar angle above 148. A minimal transverse momentum of 5 GeV is required for the photons whose energy is greater than 5 GeV, this cut being reduced to 2.7 GeV otherwise. The efficiency for a LSG signal is derived on a x y cosu grid from the g q y w x Ž . KORALZ 19 e e ™ nng g Monte Carlo. Table  1 reports the efficiencies as a function of d for a signal within the described experimental energy and angular limits. The x spectrum expected from g G g production and the SM is then compared with data to Ž . derive upper limits at 95% confidence level CL on Table 1 as a function of d. Fig. 1 shows the x spectra for data 
Virtual graviton effects
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where:
and the angle u is the photon emission angle with respect to the beam axis. The LSG contribution is w x weighted by a further factor l 20 , which incorporates other possible model dependences. It is chosen as "1 in the following to allow for different signs in the interference. 
The e q e y ™ ZZ process
The contribution of virtual graviton exchange to w x the pair production of Z bosons is given in Ref. 21 .
'
The total cross section of this process at s s 183 GeV is expected to change by 43% for M equal to S 500 GeV. w x The same distributions used to derive limits 25 on the triple neutral gauge boson anomalous couplings f Z,g are used to investigate possible LSG 4, 5 contributions to this process. The EXCALIBUR w x Monte Carlo program 26 is modified to include the w x matrix element for graviton exchange 21 . Monte Carlo events are then reweighted as a function of GeV and 460 GeV for l sq1 and l sy1 respectively. Systematic effects are found to be negligible.
The e
The LSG contributions to W pair production modw x ify the differential cross section 21 . The polar angle of the emitted W y boson for semileptonic and w x hadronic decays of the W pair is studied 27 . The Monte Carlo events are reweighted to model LSG effects using a modified version of the EXCALIBUR Monte Carlo program which includes the virtual w x graviton exchange matrix element 21 as a function of lrM 4 . Only the effects for the double-resonant S processes are taken into account. A 5% correction is applied for other diagrams for the semileptonic electron final states. Fig. 2b presents the cosu distributions for data, background and reconstructed e q e y X q y ™ W W ™ l lnevents as expected from the l l SM Monte Carlo alone and with the addition of LSG effects. Separate fits are performed on the reconstructed cosu distributions for each of the three semileptonic classes of events and the hadronic one. The combined likelihood curve is plotted in Fig. 3 . This curve is compatible with the hypothesis of no contribution from extra dimensions to the e q e y ™ W q W y process and 95% CL limits on M can thus be extracted as 650 GeV if l sq1 and 520 GeV if l sy1. This procedure takes into account 7% experimental and 2% theoretical systematic uncertainties on the total cross section.
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The e e ™ ff process
The effect of the s-channel graviton exchange in fermion pair production other than Bhabha scattering w x is described in Refs. 20,16 . In the massless fermion w x limit the formula reads 20 : l sq1 and l sy1, respectively. The investigation of tau pairs yields the corresponding limits of 510 GeV and 460 GeV at 95% CL. The experimental and theoretical systematic uncertainties on the total cross sections amount to 2.4% for muons and 3.5% for taus. They are included in the derivation of the limit.
For thefinal states only the integrated cross section is investigated, where the higher sensitivity interference term proportional to 1rM 4 Ž .
The differential cross section for Bhabha scattering at 183 GeV for full energy events between 448 and w x Ž . 1368 of polar angle 29 is compared with Eq. 7 . The first term of this equation represents the SM w x predictions, calculated using the BHWIDE 33 w x Monte Carlo and normalised to the TOPAZ0 34 semi-analytical calculation. This yields limits on M S of 810 GeV and 720 GeV at 95% CL for l sq1 and l sy1, respectively. Experimental and theoretical systematic uncertainties are included in the fit and amount in total to 3.7%. Fig. 4 shows the measured and expected SM differential cross sections and their differences, together with the LSG predictions.
A simultaneous fit to all the fermion pair channels improves the l sq1 limit to 820 GeV. The likeli- hood curve of this combined fit is displayed in Fig. 3 as a function of lrM 4 .
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Combined results
Assuming that no higher order operators give Ž . Ž . Ž . sizeable contributions to the Eqs. 4 , 6 and 7 , and to the LSG ZZ and W q W y matrix elements and that the meaning of the cutoff parameter is the same for all the investigated processes, it is possible to combine the likelihood curves obtained for all pair production processes into a single one, also displayed in Fig. 3 .
No indication of the contribution of virtual graviton exchange is found and lower limits at 95% CL on the value of the scale M are derived as 860 GeV S for l sq1 and 740 GeV for l sy1. The individual and combined limits are summarised in Table 2. mance and the continuous and successful upgrade of the LEP machine. We acknowledge the contributions of the engineers and technicians who have participated in the construction and maintenance of this experiment.
